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The onset of lattice strain relaxation against the number of bilayers (N) in an epitaxial BaTiO3 (3 nm)/LaNiO3 (3 nm)
superlattice grown on a SrTiO3 (0 0 1) substrate was characterized in situ by X-ray diffraction and reﬂectivity
measurements with synchrotron radiation. At the initial stage of superlattice growth, highly strained and smooth
sublayers were found, indicating the repetition of two-dimensional nuclei and growth of the sublayer on the ﬂat terrace
of a SrTiO3 substrate; on increasing the bilayer number to N ¼ 10; the growth front becomes rougher to relieve the
lattice strain. Further increasing the bilayer number to N ¼ 11; an abrupt increase of interfacial roughness is also
followed. It corresponds to the effective critical thickness for pseudomorphic growth of a superlattice, beyond which
surface and interface undulation result from the generation of interfacial misﬁt dislocations.
r 2004 Elsevier B.V. All rights reserved.
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Artiﬁcial superlattices of pervoskite oxides have
remarkable ferroelectric and dielectric properties
[1–5]. In previous work on a BaTiO3/LaNiO3
(BTO/LNO) superlattice we observed a signiﬁcante front matter r 2004 Elsevier B.V. All rights reserve
ysgro.2004.11.425
ng author. Tel.: +886 35780281#7120; fax:
.
ss: hylee@nsrrc.org.tw (H.-Y. Lee).dielectric enhancement [6], which we attributed to
the large lattice strain in the heteroepitaxial
superlattice [3,6]. In general, lateral lattice match-
ing between heteroepitaxial layers occurs up to
only a critical thickness, beyond which misﬁt
dislocations become generated at the interface to
compensate the accumulated lattice strain induced
from the difference of lattice parameters between
the hetero-layers in the superlattice system. The
critical thickness of a superlattice depends on thed.
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constituent layers [7–11], but there is still a critical
thickness for a superlattice having sublayers with
individual thickness not exceeding the critical
value [6,11]. The characterization of lattice relaxa-
tion during coherent growth of an epitaxial
superlattice is therefore important for preparing
pervoskite oxide superlattices with short periods.
Attempts to measure the critical thickness of
superlattices involve various techniques [12–14]. A
combination of X-ray diffraction and reﬂectivity
provides a powerful tool for characterizing the
interfacial structure and the surface morphology of
thin ﬁlms [15,16]; the real-time synchrotron radiation
measurements are especially useful [15,17–19]. Here
we describe the ﬁrst result in an attempt to explore
the lattice relaxation and the effective critical
thickness in a short-period epitaxial BTO/LNO
superlattice as a function of the number of stacking
periods by in situ synchrotron X-ray scattering.2. Experimental procedure
The BTO/LNO superlattice was deposited using
a RF magnetron sputtering off-axis dual-gunFig. 1. Schematic diagram of the in situ Xsystem equipped with computer-controlled sample
and target shutters, which enables accurate control
of the sublayer thickness and the number of
bilayers. The designed thickness of BTO and
LNO sublayers in the superlattice was ﬁxed at
3 nm, i.e., a symmetric sublayer structure was
adopted.
The deposition was performed at sputtering
power densities 3.95 and 2.96W/cm2 for BTO and
LNO sublayers, respectively. During deposition,
the substrate temperature was maintained at
500 1C; the working pressure of deposition was
ﬁxed at 2 Pa, with an Ar/O2 ratio 4:1. The rate of
deposition was 0.5 nm/min, as estimated from X-
ray reﬂectivity curves. The sputtering chamber
equipped with two Be windows for the entrance
and exit of X-rays, was mounted on a standard
Huber eight-circle diffractometer. The conﬁgura-
tion of the experimental system is depicted in
Fig. 1. The specular X-ray reﬂectivity and
(0 0L) crystal truncation rod (CTR) spectra
(y22y scans) from grown superlattices were in
situ measured at the wiggler beamline BL-17B1 of
National Synchrotron Radiation Research Center
(NSRRC), Hsinchu, Taiwan. The incident X-rays
were focused vertically by a mirror and-ray scattering experimental system.
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(1 1 1) double-crystal monochromator. In this
experiment, we used two pairs of slits positioned
between sample and detector, which provided the
typical wave vector resolution in the vertical
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Fig. 2. (a) Intensity proﬁles of the in situ 0 0L CTR from the
BTO/LNO superlattice with increasing the number of bilayers;
SL(0), SL(1), and SL(2) represent the zeroth-order super-
lattice reﬂection, ﬁrst-order and second-order satellite peaks,
respectively, at the side of smaller angle. (b) Intensity ratio g of
ﬁrst-order satellite peak intensity at smaller angle over zeroth-
order peak intensity as a function of number of bilayers.3. Results and discussion
Fig. 2(a) shows the evolution of the (0 0L) CTR
spectra of a superlattice with increasing number of
BTO/LNO bilayers (N). For simplicity, values of
H, K and L given in this paper are expressed in
reciprocal lattice units (r.l.u.) referred to the STO
lattice parameter (0.3905 nm near 295K). As
shown in Fig. 2(a), the zeroth-order peak, SL(0),
of a superlattice with N ¼ 11 shows a small shift
towards a greater L-index, indicating the possibi-
lity of occurring a strain relaxation in the super-
lattice [20,21]. This speculation is consistent with
the result of a g factor, deﬁned as g ¼ ðI sat 
IbackÞ=ðI0  IbackÞ; in which Isat is the intensity of a
ﬁrst-order satellite peak at smaller angle, I0 is the
intensity of a zeroth-order peak, and Iback is the
background intensity [22,23]. As illustrated in Fig.
2(b), the g factor also decreases markedly at N ¼
11; which could be related to the increase of
interfacial roughness in association with the onset
of structural relaxation between BTO and
LNO sublayers through the formation of misﬁt
dislocations [22,23].
It is difﬁcult to measure in-plane CTR intensity
proﬁles through an in situ X-ray scattering
experiment. The (0K 0) CTR intensity proﬁles of
a superlattice with varied total thickness were also
measured. As depicted in Fig. 3(a), the Bragg
reﬂection of the superlattice with ten bilayers is
located at K ¼ 1:998; and that with 24 bilayers is
K ¼ 1:985: An in-plane lattice parameter a ¼
0:3905 nm ðK ¼ 2Þ is the value for pseudomorphic
growth of a BTO/LNO superlattice on a STO
substrate. A smaller K index ðKo2Þ implies a
larger in-plane lattice parameter with respect to a
STO substrate. Thus, relative to that with 24
bilayers, a nearly pseudomorphic growth of
constituent compounds is maintained in the super-
lattice with ten bilayers. The strain relaxation isdeﬁned through a factor R ¼ ðaBTOjj 2aSTOÞ=
ðaBTObulk2aSTOÞ [24]; here a||BTO is the in-plane lattice
parameter of a BTO layer in a superlattice derived
from (0K 0) CTR spectra[6], abulk
BTO that of an
unstrained BTO ﬁlm, and aSTO is the lattice
parameter of the STO substrate. The measured
strain relaxation is 28% in the superlattice with 24
bilayers, but only 4% in the superlattice with ten
bilayers. An increase of strain relaxation on
increasing the number of bilayers from N ¼ 10
to 24 is clearly revealed. The rocking curves (o-
scan), shown in Figs. 3(b) and (c), were obtained
from the (0 2 0) reﬂection of the superlattices. The
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Fig. 3. (a) In-plane CTR intensity proﬁles of the BTO/LNO
superlattice with 10 and 24 bilayers along the (0 2 0) Bragg
peak; (b) the o-scan rocking curve of a superlattice with N ¼
10; and (c) that with N ¼ 24:
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Fig. 4. (a) In situ X-ray reﬂectivity curves (open circles) and the
best ﬁtting results (solid lines for the BTO/LNO superlattice
having a varied number of bilayers, as a function of momentum
transfer (qz ¼ 4p sin y=l; where y is the incident angle of X-rays
and l is the X-ray wavelength.). (b) Evolution of surface and
interfacial roughness as a function of the number of bilayers
obtained from ﬁts of reﬂectivity curves shown in (a).
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superlattices with 10 and 24 bilayers are 0.251
and 1.341, respectively, indicating that the struc-
tural relaxation results in the generation of misﬁt
dislocations and hence mosaicity, which cause the
(0 2 0) reﬂection peak to broaden [25].The in situ X-ray reﬂectivity curves of the
superlattice with increasing number of bilayers to
N ¼ 15 are shown in Fig. 4(a). The oscillation
amplitude of X-ray reﬂectivity curves decays
exponentially corresponding to a relation of
exp½q2zðs2s þ s2i Þ=2	; in which ss is the roughness
of the surface, si that of the interface and qz is the
momentum transfer normal to the sample surface
[26]. Fig. 4(b) summarizes the evolution of the
interfacial and surface roughness against the
bilayer number, N, obtained from best ﬁts of the
specular reﬂectivity data. The interfacial and
surface roughnesses of Np9 increase only insig-
niﬁcantly from that of a bare STO substrate
(0.25 nm), likely as a consequence of the repeti-
tion of two-dimensional nucleation and growth of
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STO substrate, as proposed by Terashima et al.
[27] and Visinoiu et al. [28]. Since an increasing
number, N, of bilayers corresponds to an increase
of total thickness of the multilayer stack, we may
expect the roughness to increase with the total
thickness of the multilayer structure in a fashion
similar to that for thin ﬁlms, i.e., the interfacial
roughness increases with increasing N [29,30].
Although the evolution of interfacial roughness
cannot be explained straightforwardly according
to the scaling law because the thickness of stacking
period is ﬁxed in this case [31], according to Fig.
4(b) the interfacial roughness appears to be
insigniﬁcantly dependent on the total thickness
within experimental error in the initial stage of the
superlattice growth. However, increasing to N ¼
10 and 11, an abrupt increase of surface and
interfacial roughness clearly occurs, respectively.
It is known that the bulk strain plays an
important role in determining the structure of
thin-ﬁlm surfaces [32,33]. An undulated surface
has a larger surface area giving rise to a greater
surface energy, but it can relax the strain energy
near the ﬁlm surface [34]. Thus, the abrupt
increase of surface roughness at N ¼ 10 observed
from Fig. 4 (b) is most likely related to this effect.
On the other hand, for further increase of N to 11,
the abrupt increase of interfacial roughness is
apparently related to the subsequent relief of
lattice strain in the superlattice [35]. The result is
well consistent with that from Fig. 2(b), in which a
small g factor was obtained at N ¼ 11: Although
there is no measurable shift of zeroth-order peak
at N ¼ 10 in the CTR intensity proﬁles (Fig. 2(a)),
probably because the strain relief is insufﬁcient to
be observable [36–38], according to both diffrac-
tion and specular reﬂectivity results the onset of
strain relaxation likely occurs at N ¼ 10211: This
stage corresponds to the effective thickness beyond
which surface and interface undulation result from
the generation of misﬁt dislocations in the super-
lattice. As the in situ X-ray scattering experiment
was performed at 500 1C, the large thermal energy
would also activate the formation of misﬁt
dislocations at BTO/LNO interfaces [21,35]. It is
also observed from Fig. 4(b) that a rougher
interface structure was formed between BTO/LNO hetero-interface for N411 indicating a
gradual relaxation of mismatch strain with in-
creasing bilayer number, i.e., the total thickness of
the superlattice. This result is consistent with the
mechanism of strain relief in a heteroepitaxy
proposed by Sun et al. [39] and Rockett and Kiely
[40].
The theoretical critical thickness can be esti-
mated with Matthew’s formula [41],
hC ¼ ½bð1 n cos2aÞ=2pf ð1þ nÞ cos l	½lnðhc=bÞ þ 1	
(1)
in which hC is the critical thickness, b is the
magnitude of the Burgers vector of the disloca-
tions, n is the Poisson ratio, f is the misﬁt between
the least strained BTO/LNO bilayer and the STO
substrate, a is the angle between a dislocation line
and its Burgers vector, and l is the angle between
the slip direction and that direction in the ﬁlm
plane perpendicular to the line of intersection of
the slip plane and the interface. In the case of a
BTO/LNO superlattice, the dislocation lines at the
(0 0 1) interface are parallel to the [1 1 0] and ½1 1¯ 0	
directions, and the Burgers vectors of the disloca-
tions are of type 1
2
ah1 1 0i inclined at 451 to the
(0 0 1) plane [42]. For a coherently free-standing
BTO/LNO bilayer, we estimate the in-plane lattice
parameter of the least strained bilayer according to
the formula [6,11],
tBTO=tLNO ¼ ða2BTO=a2LNOÞðaLNO  aÞ=ða  aBTOÞ
(2)
in which tBTO is the thickness of the BTO sublayer,
tLNO that of the LNO sublayer (tBTO=tLNO ¼ 1 for
a symmetric superlattice); aBTO is the in-plane
lattice parameter of an unstrained BTO ﬁlm
(0.4007 nm) and aLNO that of a LNO ﬁlm
(0.3887 nm). The misﬁt between the in-plane lattice
parameters of the least strained BTO/LNO bilayer
(0.3944 nm) and that of the STO substrate
(0.3905 nm) is 1%, which allows pseudomorphic
growth of a BTO/LNO superlattice up to 70 nm
according to the Matthews–Blakeslee theory [41],
the experimental value (60–66 nm for
N ¼ 10211) is satisfactorily close to the prediction
from a theoretical calculation. Thus, our in situ X-
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strates a new approach to evaluate experimentally
the effective critical thickness for the growth of
epitaxial superlattices.4. Conclusion
We have investigated the change of CTR
intensity proﬁles and the evolution of X-ray
reﬂectivity curves with the number of bilayers, N,
in the BTO/LNO superlattice system deposited on
a STO substrate using in situ synchrotron X-ray
scattering measurements. At the initial stage of
superlattice growth with a few bilayers, highly
strained and smooth sublayers were found. For the
superlattice growing to N ¼ 10; a clear onset of
roughening of the growth front was observed. On
further increasing N to 11, the interfacial rough-
ness also increases appreciably, indicating the
attainment of an effective critical thickness for
pseudomorphic growth of the superlattice.Acknowledgements
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